Abstract. It is found experimentally for the érst time that the initial phase modulation of femtosecond pump pulses considerably affects the degree of coherence of the short-wavelength radiation of a supercontinuum with pronounced soliton structures in the spectrum generated in a microstructure ébre. The long-wavelength soliton radiation preserves the complete coherence upon changing the phase modulation of the pump pulse despite considerable variations of the carrier frequency of solitons. The maximum width of the supercontinuum and the maximum degree of coherence of its shortwavelength radiation are achieved for small positive values of the phase modulation parameters.
Introduction
The propagation of femtosecond pulses through a microstructured (MS) ébre can be accompanied by the generation of broadband radiation, the so-called supercontinuum (SC), which can cover the wavelength range exceeding an octave [1, 2] . The shape and width of the spectrum and other parameters of a supercontinuum are determined to a great extent by the parameters of pump pulses, in particular, by their phase modulation (chirp). By now a number of theoretical and experimental studies of the inêuence of the phase modulation (PM) of femtosecond pump pulses on the parameters of the SC generated in MS ébres [3 ë 13] and other ébres [14, 15] and media [16] have been performed. It has been shown that the maximum SC width [3, 4] and the minimum level of amplitude [4, 7] and phase [7] noises of the SC for a éxed average power of femtosecond pump pulses are achieved for the PM close to zero. In these papers, SCs with relatively smooth spectral envelopes were investigated. However, for certain combinations of the MS ébre and pump pulse parameters, a SC with distinct soliton structures (self-frequency-shifted solitons [8, 9] ) in the longwavelength wing of the spectrum can be produced. This SC generation regime has a speciéc nature compared to the generation of a smooth SC. For example, as the PM of pump pulses is changed, not only the SC width changes but also its shape changes considerably, especially in the longwavelength wing of the emission spectrum [10, 11] .
We studied earlier the degree of coherence of different frequency components of the SC containing distinct peaks corresponding to optical solitons [17] . It was found that the degree of coherence of optical solitons in the SC (which, as the pump radiation, were completely coherent) noticeably differed from that of non-soliton SC radiation with a relatively low spectral power density in the short-wavelength wing (the degree of coherence for different components of this wing was 0.25 ë 0.57).
In this paper, which continues our previous studies [17] , we investigated for the érst time the inêuence of the PM of femtosecond pump pulses on the degree of coherence of different spectral components of the SC, which contains several weakly overlapped soliton peaks in the long-wavelength spectral region and a broad short-wavelength wing covering the wavelength range of width a few hundreds nanometres.
Experimental
We used in experiments a MS silica ébre of length 30 cm with a nearly elliptical core with the ellipse axes 1.4 and 1.9 mm (Fig. 1) . The calculated value of the wavelength l 0 corresponding to the zero dispersion of the ébre is $ 750 nm. The scheme of the experimental setup is shown in Fig. 2 . A 350-mW Ti : sapphire laser emits 80-fs, 795-nm pulses at a pulse repetition rate of 100 MHz. The PM of the output pulses could be changed by using a controllable two-pass, two-prism compressor and plane ë parallel plates of different thickness placed in the laser beam. A small part of radiation ($ 1 %) transmitted through the compressor and a Faraday isolator was directed to an interference scanning autocorrelator, while the main part of radiation was coupled through a microobjective into the core of the MS ébre. The polarisation plane of the pump radiation was made coincident with the minor axis of the elliptic ébre core by using a half-wave phase plate located in front of the microobjective. The coincidence was controlled by obtaining the maximum SC width by the method used in [18] . Radiation emerging from the MS ébre was collimated with a microobjective and directed to a Michelson interferometer with the arm length difference $ 3 m to observe the interference of two successive SC pulses. The interference pattern of certain spectral components of the SC was selected with the help of a diffraction grating and detected with a CCD camera with the averaging time of a few milliseconds. The visibility of the detected interference pattern for a selected SC wavelength was deéned as V(l) (I max À I min )a(I max I min ), where I max and I min are the maximum and minimum intensities of the interference signal. The degree of interpulse coherence of the érst order g(lY t 1 À t 2 ) was determined from the results of measurements [19] .
The parameter C of the initial phase modulation and duration of pump pulses were determined by using a computer-controlled interference autocorrelator based on a scanning Michelson interferometer and a nonlinear photodetector. Figure 3 presents the SC spectra generated in the MS ébre for different PM parameters of pump pulses and éxed average power (75 mW) at the MS ébre output. For the PM of pulses close to minimal, the SC has the broadest spectrum containing four solitons. As the modulus of the PM parameter is increased, the SC spectrum narrows down and the number of generated solitons decreases. Thus, the dependence of the SC spectrum on the PM of pump pulses (Fig. 4 ) is consistent as a whole with the results obtained in [8, 9] . However, it should be pointed out that the maximum width of the SC spectrum was achieved in our experiments for small positive values of the PM parameter C 0X2 À 0X3, which can be explained by the optimal initial compression of pulses with such PM in the MS ébre having the anomalous dispersion at the pump wavelength.
Experimental results and discussion
To measure the degree of coherence of SC radiation, we selected the SC generation regime when one component dominated in the short-wavelength part of the spectrum (the SC radiation had a certain colour), while in the longwavelength region the distinct peaks corresponding to optical solitons were observed. This regime was achieved 1 mm by reducing the pump power down to the value at which the average SC power at the MS ébre output was 30 mW. The maximum of the spectral power in the short-wavelength part of the spectrum was observed at 510 nm and was separated almost by an octave from the longest-wavelength soliton. This SC generation regime is of interest for using in metrology, in particular, in an optical clock [20] . However, to understand the outlook for its application, it is necessary to elucidate the possibility of increasing the degree of coherence of short-wavelength radiation by varying the PM of pump pulses and to analyse the inêuence of this variation on the coherence of the longest-wavelength soliton.
Our experiments revealed a strong dependence of the degree of coherence of SC radiation at 510 nm on the PM parameter of pump pulses (Fig. 5) . The degree of coherence changed from 0.3 to 0.65 when the PM parameter was changed from À1X8 to 2. The obtained dependence has an asymmetric shape, the degree of coherence in the region of negative PM parameters decreasing faster than in the region of positive PM parameters. The maximum degree of coherence (0.65) was obtained for pump pulses with the small positive PM parameter equal to 0.1.
At the same time, as follows from our experiments, solitons remain completely coherent for any variations of the PM of pump pulses.
The grey curve in Fig. 5 shows the calculated dependence of the duration of pump pulses with the envelope sech 2 x on their PM parameter. The duration of transformlimited pulses used in the calculation of the theoretical curve and providing the best ét of the experimental data was 90 fs. A small discrepancy between the calculated curve and experiment apparently suggests that it is necessary to use a more accurate theoretical model for determining the pulse duration and PM parameter from the experimental autocorrelation function.
Application of partially coherent radiation
As mentioned above, the generation of a broad SC (of the order of an octave) containing high-power density solitons can be of interest for using in metrology. Because one of the key parameters of radiation is the signal-to-noise ratio, the question of the applicability of SC radiation with the degree of coherence different from unity in an optical clock reasonably appears. Note that, aside from the PM of pump pulses considered here, a number of other parameters exist which considerably affect the degree of coherence of SC radiation. As shown in paper [21] , the coherence of SC radiation increases upon pumping a MS ébre by radiation at a wavelength falling into the normal dispersion region of the ébre and also when shorter pump pulses are used. However, the SC width proves to be smaller in this case and can be insufécient for metrological measurements. In the anomalous dispersion regime, the SC width is considerably greater and can achieve two octaves [1] , while the coherence of radiation can be increased at a éxed width of the spectrum by reducing the pump pulse duration and increasing its energy [20] .
The degree of coherence of SC radiation in the vicinity of the speciéed wavelength is determined by the amplitude noise and phase êuctuations of radiation frequencies of SC pulses in the speciéed spectral region. We studied the inêuence of noise and êuctuations on the equidistant set of spectral lines (the so-called spectral comb) by considering a train of N pulses, whose éeld E can be represented in the form
where t is time and T is the average pulse repetition period. The Fourier transform of expression (1) gives
By assuming that the amplitude a n and phase f n of the spectral function of each pulse are random quantities, which depend neither on each other * nor the amplitude and phase of other pulses in the train, and also that the distribution functions of a n and f n are independent of n, we obtain the degree of coherence in the form
Hereafter, the angle brackets mean averaging over the ensemble; s 2 a h(a À hai) 2 i is the dispersion of êuctuations of the spectral amplitude of pulses; and z hexp (if)i. By using the assumptions made above, we can obtain the expression for the spectral radiation power Figure 5 . Dependences of the degree of coherence of SC radiation at a wavelength of 510 nm and the pump pulse duration on the PM parameter for the average SC radiation power 30 mW; the grey curve is the calculated dependence.
* This simplifying assumption is based on the fact that the model used here neglects the amplitude êuctuations of pulses at the ébre input (stable pumping is assumed) so that êuctuations of SC radiation are caused exclusively by the ampliéed noise: spontaneous photons with a random phase. Figure 6 presents the envelopes of spectra of a train of N 1000 pulses normalised to unity. The curves are constructed by using expression (4) for different degrees of coherence g. One can see that the decrease in the degree of coherence leads to the increase in noise between the lines of the comb. According to (4) , the ratio of the noise intensity between lines to the intensity at the line centre is described by the expression ( I noise
An important feature of expression (5) is that the noise-tosiganal ratio depends not only the degree of coherence g but also on the number N of pulses in the train (on the averaging time t av of a detecting system). Figure 7 presents three curves for N 10 3 , 10 4 , and 10 5 (for a pulse repetition rate of 100 MHz, the corresponding averaging times are 10 À5 , 10 À4 , and 10 À3 s). Although the relative noise level can be reduced by increasing the averaging time, in applications related to the optical frequency stabilisation, t av should remain much smaller than the inverse maximum frequency of the technical noise, which is typically 10 3 À 10 4 s À1 . For the maximum degree of coherence of shortwavelength radiation g $ 0X6 obtained in our paper, this corresponds to the noise-to-signal ratio À30 ... À40 dB, which is quite sufécient for applications.
Conclusions
Our experiments have demonstrated the possibility of controlling the degree of coherence of the short-wavelength radiation of a SC containing solitons by using the PM of femtosecond pump pulses. In this case, the long-wavelength soliton radiation preserves its total coherence upon varying the PM of pump pulses despite considerable accompanying variations in the carrier frequency of solitons. The maximum width of the SC and the maximum degree of coherence of the short-wavelength SC radiation are achieved at small positive values of the PM parameter. Note that numerical calculations performed in [5] for a SC with the smooth envelope of the spectrum also predict an increase in the average phase noise of SC radiation when the PM parameter of pump pulses differs from its optimal small positive value.
We have analysed the possibility of application of SC radiation with the degree of coherence different from unity in an optical clock. It has been shown that for the degree of coherence g $ 0X6 and small averaging times (10 À5 À 10 À4 s), the noise-to-signal ratio does not exceed À30 ... À40 dB, which is acceptable for metrological applications. Figure 7 . Dependence of the noise-to-signal ratio on the degree of coherence g for different numbers N of pulses in the train.
